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PERFORMANCE QF THE lSXB 10 STAGE AXIALaFLOW COMEBESSOR

) By Richard M. Downing &nd Harold B, Finger _'

. SUMMARY -

An investigation has heen confucted to determine the performance
characteriatics of the 10-stage axial-flow compressor for the 18XB Jet-
propulgion engine. Initial performaence date were taken with inlet
conditions of 53° ¥ end 14 inches of mércury sbsolute over a renge of
speeds from 3400 to 17,000 rpm with Interstage instruments installed
and with normal air leakage past the rotor rear air seal. The effects
- of interstage instruments, of air leakage past the rotor rear air seal,
and of inlet air conditions were then separately evaluated,

_ &t the design speed of 17,000 rpm the campressoxr had a peak adla-
batic temperature-rise sfficiency of 0.72 and developed & pressure

ratio of 3.72 at -a weight flow of 33,8 pounda per second. A maximum

efficliency of 0.75 was obtainsd at the equivalent speed of 15, 300 rpm,

The- removal of the interstage instruments increased the weight
flow 2.2 percent and the peak temperature—riee efficiency 0.03 at the
design speed. The elimination of the air leakage past the rotor rear
air seal at the design speed decreased the peek adisbatic temperature-
rige. efficliency 0,04, decreased the egquivalent weight flow S5 percent,
and . increaged the-geak pressure ratic 0,25. A change ‘in the inlet
conditions from 59° F and 14 inches of mercuyry absolute to ~59° .F and
6.5 inches of mercury absolute increased the peak pressure ratio at
_design speed 0,74 end decreased the weight flow by epproximstely
6 percent, The resulte of the suryveys with the interastege Instruments
located in esach stator row end the first row of outlet guide vaneés
indicated that some nonuniformity of blade loading existed and that a
considersble loss of total pressure was occasioned by the outlet guide
vanes.
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INTRODUCTION

The 19XB compressor, which replaces the 18B compressor (refer-
ence 1) and has the same length and diameter as the .19B compressor,
was designed with 10 stages to deliver 30 pounds of air per second
for a presgsurs ratio of 4.17 at an equivalent speed of 17,000 rpm;
the 19B was deasigned with slx gtages for a pressure ratio of 2.7 at
the same welght Flow and speed as the 19XB compressor. The perform-
ance characteristice of the new compressor were determined at the
NACA Cleveland laboratory at the request of the Bureau of Asronautics,
Navy Department.

Resulte are presented of the investigation made to evaluate the
over-all perfoymance of the compressor, the effects of possible
leakage past the rotur rear air seal, the effects of Inserting instru-
ments in each row of stator blades and in the first row of outlet
guide vanes, and the effects of cthanging the temperature and the preg-
pure of the inlet alr. The regults of the Interstage surveys are also
presented. .

19XB COMPRESSOR

The construction of the 10-stage axial-flow campresgor, used in
the 19XB jJet-propulsion unit is gimilar to that of the glx-stage
19B campressor described in reference l. A photograph of the agsem-~
bled 10-stage compressct with the upper half of the caalng removed -
is shown in figure 1. A cross-sectional drawing of the compressor
with the principal dimensions is given in figure 2; the path of pop-
gible alr leakage pamat the rotor rear air geal is also ghown,

The cast-aluminum inlet section and the discharge section ars
the same asg those of the 19B compressor (reference 1). Fairing
inserts were installed on the inner and outer walls after the outlet
guide vanes to give a straight annular passags for the discharge
measuring station. The eplit atator casing differs from that of the
19B compregsor only in the number and spacing of the circumferential
grooves for the stator-blade outer shrouds, The rotor of the
19XB compressor is constructed in four sections, whereas that of the
19B wag machined from & single aluminum-alloy forging. ‘The forward
section of the 19XB rotor consists of seven blade rows machined from
8 single aluminum-~alloy forging. The rear sectlon, which was bolted
to the aluminum section, consists of three digks, esch machined fram
a separate steel forging. A steel sleeve pressed on the aluminum -
gection of the rotaor forme the front bearing Journal. The rotor ias
rigldly connected to the drive shaft, which is supported by the two
reoar bearings, In the Jet-engine Ingtallatlon, the rigid connection

- G
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permite the thruet of the compressgor to oppose that of the turbine
and thus relieves part of the loed on the thrusk bearing.

The design of the blading for the 19XB compressor stresses
simplicity and ease of manufacture rather than any particular airfoil
shape. As recéived from the manufacturer, all the blading of the
compressor waa nlcked and pitted from previocus running of the complete
Jet engine, bub. the tebts were mede with these blemighes. Most of the
blade angles had been changed from their original design velues by
plastically deforming the metal at a point approximately one-fourth
inch from the root of the blades. Table I lisgbe the design specifi~
cations (including these deformations) for all the compressor blading.

The inlet-guide-vane dlaphragmn consiste of 55 aluminum blades
Fitbed and peened Into circular stainless steel inner and outer
shrouds. The bledes have gymmeitrical sections and are twlsted approx-
imately 8° from the root to the.tip; these blades are not tapered.

The stator blades are made of stainless steel and are fitted and
peened into semicircular stainless-stesl ghrouds, making it poseible-
to assemble separately sach half of the casing. Each half row of
blades 1s held in place.by two locking screws. With the sxception
of the first stage, the stator blades have circular-src camber lines,

The rotor blades are machined of steel and it into cylindricsl
dovetall grooves in the rotor disks; the blades are held in place by
atalnless-steel locking keys. All of the rotor blades have & ¢irecular-
arc cember line except the first and second stages at the hub. The
blade fillet radius for all the rotor blades is approximately one-
eighth inch,

The rotor and stator blades of the 19XB compressor had a gmaller
cember angle at the tip and a larger camber angle at the hub than the
blades of the 19B compressor. In general, the 19XB blades were
thicker, had a smaller chord length and had slightly more twist than
the blades for the 19B compressor,

APPARATUS AND INSTRUMENTATION .
Apparatus
The 19XB compressgor was installed in the same rig as that used
to investigate the performence of the 19B model (reference 1), A

drawing of the setup is shown in figure 3. The compressor was driven
by a 2500-horsepbwer induction motor in conjunction with a magnetic
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coupling and two epeed-Iincreasing gear boxeg. The speed of the
compresgor was varied by the magnetic coupling and was held at the
deslired value by an electronic control system.

'The refrigerated-alr gystem supplied a limited quantity of dry
air at temperatureg as low ag -70° F. The refrigerated alr was
inducted through a submerged adjustable orifice and a butterfly valve
and 6 feet 1n length. Three enreens'warq located at the. midsection
of this tank (fig. 4) toegualize the air veloclties. A wooden
bellmouth was fitted to the compregsor inlet to lnsure uniform air
flow Intothe compresmor. The air leaving the compressor was dig-
charged into a collector through a, straight annular discharge passage
formed by the fairirg lngerts. A screen aof 60-percent copening wes
placed at the end of. the discharge section of the compressor to
decreage any apymmetry in flovw within the compresggor ceussd by ths
two radisl outlet ductrm, - The outlet ducts, which were attached to
the collector by a flexible coupling, were connected to the laboratory
altitude wxhaust system. The inlet duct, the depréssion tank, the
compresgor caging, andl the collector case were lagged with l/z-anh
agbestos and covered With 4 inches of hair felt to minimlze oxternal
heat transfer.

Inasmuch as the pexformance of the compressor varies with the
rate of—air leakage past the rotor rear alr seal, provisions were made
to plug the holes in the rear housing support with copper plugs. The
uge of these plugs enabled the leakage to be reduced tq a minimum
value.

Instrumenﬁation

The instrumentetlon of the compressgor was simllar to that of the -
19B compressor. The inlet alr was metered through the pubmerged
adjJustable orifice.located in the inlet duct before the depression
tank. The statlc-pressure drop acromd the orlflce was indicated on
a water manometer and all other pressures, on a common-vell mercury
mencmeter. The temperatures were measured wilth calibrated lron-
constanten thermocduples. A bath of melting lce gerved as the copmon
cold Junction for all thermocouples and the thermal electromotive
forose was read with a gengitlve potentiometer in conjunction with an
external spotlight galvenometer.’

Inlet-air camiitione were meassured in the depression tank as
ghown in figure 4. Becauge the diamuvter of the deprsssion tank was
large, the velocity pressure at.the inlet meesuring station wae neg-
ligible and the total pressure was measured with two wall static-
pregsure taps. The Inlet-alir tomperature was measured with three-
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unshielded thermocouples; one thermocouple was located at the center
of the air stream and the other two were placed 180° apart extending
approximately one-sixth tank diemeter Intoc the air strean.

Conditions of the discharge air were msasured halfway between
the outlet guide vanes and the segcond bearing support struts in the
annuler area formed by the fairing inserts. Four wall gtatlc-preasure
tapg were located at the discharge measuring statlon go° apart cir- -
cumferentially on both the innsr and outer valls. Six shielded axial-
vent temperature probes were located 60° apart and spaced at the
centers of equal annuler area elements in & gpiral pattern.

The interstage instruments were located to measure the preasure
and temperature - halfwsy between the hub and casing and also midway -
between the leading and trailing edges of the blades in sach sgtator
row. In each of the stator rows. and in the first row of the outlet
gulde vanes, the total Pressures were taken at three clrcumferential
locations approximately 120° apart, Thege pressures wWere measured
with straight cyliindricel tubes, which had a 0.030-inch hole loecated
one<half inch friom the end of the tube. Temperature probes were
located in the same axial plane a.nd. approximately 10 from each total-
praessurs tube.

A surge-detecting apparstus conslsting of a piltot tube inserted
in the ocutlet duct and comnected tc a cathode-ray oscllloscope through
& pressure capsule was usged to determine eny unéteble operating
condition.

METHODS AND PROCEDURE -

Presentation of data. - HACA standard sea-level conditions
(29.92 in. Hg absolute and 59° F) were chosen as the basis on which
all data were corrected. Adiabatic temperature-rise efficienciles nq,
total-pressure ratioc P /P and pressure coefficlent Y are plotted
ageinst the equivalent weight fiow W./6/8 . for various values of
equivalent speed N/ @

Thege paremeters can be defined as follows:

N adlabatic temperature-rise. efficlency B
; - 1 e
n|(5) -
Y Pl/ ]
T Tp - T
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pregpure ratio

[/Zgﬁad -
pressure coefficient ! S
'\PUt

equlvalent weolght flow

squivaelent campregsor apeed -

acceleration of gravity, feet per second per second,

lgentropic lncreass in total enthalpy por unit of mass for
given pressurc ratlo, foot-pounds por pound

rotor speed, rpm .. . el
number of stages

total pressure, pounds per aquare Inch absolute

total temperature, °r

rotor tip speed, feet per second

welght flow, pounde per second

ratio of gpeclfic hoats

ratio of inlet-air pressure to NACA standard sece-level prosgure

ratio of inlet-air temperature to NACA standard sea- level
temperature : -

The subscriptes 1 -and 2. designate the inlot and outlet stations,
regpectively. o

The outlet total pressure used was calculated fram the measured
static pressurq'weight flow;and temperature by the method &lven in
reference 1.

e
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Tests, -~ 811 teste were made by holding speed, inlet-alir temper-
ature, and inlet-air pressure at a set value and verying the volume
flow of air from meximum (limited by laeboratory refrigerated-air
syster) to the flow jJust preceding incipient surge.

With interstage instruments installed and ailr locakage permitted,
a series of runs was conducted with an inlet-air bLemperaburc of 55° F
and an inlet-air pressure of 14 inches of mercury absolute over a
range of sguivalent speeds fram 3400 to 17,000 rpm in incremeuts of
1700 rpm. Bocause instruments have an adverse effect on the perform-
ancae, a series of polnts was run at an sguivalent spood of 17,000 rpm
with the instruments removed to determine the effect on the over-all
performancs. - SR : . :

With the alr leakage past tho rotor rear alr ssal elimlnated, &
seriocs of points with inberstage instrumentatlon wers run at egulv-
alent speeds of 8500 t0"17,000 rpm with an inlet-air temperature of
59° ¥ and an inlet-air presgure of 14 inches of mercury sbgolute to
determine the effect of leakegée. This series was repeated for three
equivalent epeeds (13,600, 15,300, and 17,000 rpm),.bubt with inlet
conditions of -59° F and 6.5 inches of mercury absolute to give &
comparison of performance with two in}let conditions.

A summary of the operating conditions is given in the following
table: ' ' .

Eguivalent Inlet-air Inlet-air
speed, N/i/€ {pressure, P;|tempera- .
{(rpm) (in. Hg _ |ture, T Remarks
absolute) (OF)
3,400-17,000 14 . 59 Ingtruments and
_ leakage
17,000 14 59 No ingtruments
' and leakage
8,500-17,000 14 59 Instruments and
: no leakage
13,600-17,000 6,5 -59 Instrumsnts and
no leakage -

The precision with which all measurements were madé is estimated
to be within the following limita: ' i '

Temperatl:re’ OF . « 0 « @ ' . ‘o . . . . a8 @ . r = - . . » 3 » :1:0 . 5
Pressure, inches Of MOXCUYY « + ¢« o ¢ o « o « o« o o s » o &« »£0,02
Weight flow, percent . . . & « ¢ 4 & ¢ 4 ¢ o o s ¢ « « = « « F1.0

Compressor speed, percent . . « + « o v ¢« s « « o6 ¢ » s « » £0.5
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Several posslble souitces of error may have affected the Tinal
rosults: (a) discharge measurements teken in the wakesg of the outlet
guide vanes, (b) flow distortion caused by interstage ingtrumenta,
and (c) air leakage past the rotar rear air seal, which affected
weight flow, pressure, temperature, and surge characteristics of the
compresgor and caused tha results to be somewhat unrelisble.

RESULTS AND DISCUSSION

All values of-spesd and welght flow given 1n the following die-
cugelcon are corrscted to NACA sea-level conditions. The resultas
obtained from the runs with Interstage instruments installed and air
leakage permittod are presented as the baslc over-sll performsnce
data. The run with the interstage instruments removed enabled the
effects of the ilnstruments to be cvaluated and the runs with the
leakage path blocked enabled the effects of leakage to be dipcussed.
The results of tho Interstage meagurements permitted the effoctive-
neag oft each gtage to be determined.

Campregsor performance. - The performence of the compreasor l1s
shown In figure 5 over a range of equivalent speeds from 3400 to
17,000 rpm in increments of 1700 rpm with interstage ingtruments
installed and with alir leakage permlitted to pags the rotor rear alr
gseal., The Inlet conditions of tempersiure and pressure werse 59° ¥
and 14 inches of mercury absolute, respectively. The peak efficlency
increaged from V.64 at 3400 rpm to a maximum value of 0.75 at
15,300 rpm and then dyopped to ¢.72 at 17,000 rpm where date may not
have been taken near enough to the surge polut. Some difficulty was
experienced in detecting the exact surge point of the compressor,
particularly at the hlgh apeeds, becauss the surge-detecting apparatus
was sensitive to all disturbances and because sxXtreme caution was
taken not to gurges the compressor violently. The peak pressure ratio
wasg increased from 1.08 to 3.72 Trom equivalent speeds of 3400 to
17,000 rpm, regpectively. The pesak pressure coefflclent was approx-
imately constant at 0.26 up to 17,000 rpm where 1t dropped slightly.
The maximum welght flow at the design speed wag approximately 10 per-
cent higher then the degilgn value of 30 pounds per second. At an
equivalent speed of 13,600 rpm, the péak pressurs ratio apparently
ia low but the temperature-rise efficiency has nearly reached the
peak valuse. The data for thias performance curve may not have been
taken sufficiently nesar the surge point. At the deaign speed, the

~pregsure ratio of the 19XB compressor was observed to.be higher and
the temperature-rise efficiency slightly lower than that obtained
from the 19B compressor (referense 1).. 4n. explanation for the lower
temperature-rise efficiency In the 19XB investigation then in the
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198 investigation is that the peask pressure ratioc may not have been
obtained., Different amounts of leakage in the two compressors may
also have caused a difference in efficiency.

Effect of interstage Iinstruments. - When the interstage Instru-
mente were removed, the weight Ilow through the compressor was
increasged about 2.2 percent and the peak temperature-rise efficiency
about 0.03 (fig. 6) at 17,000 rpm. The difference in peak pressure
ratlo-was small, however, which shows that the difference in effi-
-ciency 1s due to a change in the temperature rise. The wakes produced
by the 1lnstruments Increased the work done by the compressor blades
and thereby increased the temperaturs ratio and possibly the pressure
ratio. -The increased pregsure losses ocauséd by the instrumentation,
howsver, nullified the possible increase in preasure ratio. '

Performence with no air leakage through rotor rear air geal., -~
The performance of -the compressor ia shown in figure 7 with the
leakage past the rotor rear alr seal eliminated. These runs were
made with inlet-air conditions of 59° F and 14 inches of mercury.
abgolute and over & range of eguivalent speeds from 8500 to
17,000 rpm. The adisbatic tempersture-rise efficiency increased from
0.69 at 8500 rpm to 0.72 at 10,200 rpm and dropped to 0.68 at
17,000 rpm. - The peak pressure ratio increaged from 1,61 at 8500 rpm
to 3.87 at 17,000 rpm. The pressure coefficient decreased from 0.27
at 8500 rpm to 0.22 at 17,000 rom.

A comparison of the .performance of the compressor with and
without leakage .1s made .in figure 8. In general, the peak presgsure
ratio was lower for the investigation with leakage than for the inves-
tigation without leakage elthough the adlabatic temperature-rise effi-
clency with  leakage was slightly higher at the higher spsedsg. The
peak pressure ratlo and the peak adlabatic. efficiency 4did not occur
at the same weight flow. The meximum weight flow through the com-
pressor at: 17,000 rpm was approximately 5 percent- greater with leakage
permitted past the rotor rear air. geal than with leakage eliminated.
Because the outlet guide vanes at least partly limited the air flow,

& greater measured alr flow would be delivered by the compressor when
alr was allowed to leek from the compressor ahead of the guide vanes
to the atmosphere, T . o '

Comparison of performenceé at two inlet conditions. - The perform-
ance of the compressor is shown in figure 9 for the inlet-alr condi-
tiong of -59° F and 6.5 inches of mercury sbsclute for the equivalent
speeds of 13,600, 15,300, and 17,000 rpm. These runs were made with
Intergtage instruments installed and with no air leakage permitted
past the rotor rear air seal. The peak presgure ratlic increased from
2.70 to 4,46 and the peak efficlency increamed from 0.66 to 0.72 ag
the speed increaged from 13,600 to 17,000 rpm.
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A comparigon of the performance at two inlet conditions is pro-~
vided by figure 10. The weight flow through the compressor dscreased
with reduced inlet-air temperature and pressure and references 1, 2,
and 3 indlcate that—thlis effect ig due to pressure rathser than to
temperature. The dedredss in welght flow varied from 6.0 percent atb
13,600 rpm to a meximum value of 9.5 percenu at 15 , 300 rpm and then
decreased to 6.0 pércent at 17,000 rpm.

At inlet conditiong of -53° F and 6.5 inches of mercury absolute,
the peek pressure ratlio wvas alightly lower at 13,600 and 15,300 rpm
but conslderably higher at the design speed of 17 000 rpm- than at
tnlet conditions of 58° F and 14 inches of mercary abgolute. The
difference in preasuré ratios at the déslign speed 1s explained by the
fact that the compressor was operated closger to the terminal surge
point for the low-preassure tests than for the high-pressure teets.
The amplitude of prégéure fluctiuation at & given rate of pulsation
wap less at 6.5 than at 14 inchea of merdury absolute.

Interatage maasurements. - Curved of interstage temperature and
pressure through the compregsor at the point of peak efflciency for
the runs with no leakage permitted are shown in flgures 11 and 12,
regpectively. The temperatures presented in figure 1l are the obmerved
temperatures in sych stage through the compressor. At the low speeds
the temperature verlation wase lrregular; the largest variatlon vdecurred
in the rifth stage. The pressures are presented as the ratio of the
pressure in any stage to the pregsure In the preceding stage
(fig. 12{a)), and also as the ratio of the pressure in any stage to
the compressor-inlet pressurs- (fig., 12(b)).

The curves of pressure ratio scrose any stage were very ilrregular
at the high speeds; the maximum pressure rise occurred acrods stages 3,
8, and 9 (fig. 12(a)). At the deaign speed the pressure ratio from
the compressor inlst to the first row of the ocutlet guide vanes was
4.2 but the pressure drop across the two rows of guide vanes reduced
the over-all pressure ratio to 3.72. A comparable drop in totel pres-
sure across the outlet gulde vaneg.occurred at all sgpeeds.

SUMMARY OF RESULTIS

The performence data of the 19XB compregsor are summerized asa
follows:

1. At the design speed of 17,000 rpm and with inlet conditions
of 59° F and 14 inches of mercury absolute, the peak officiency weas
0.72, the peak pressure ratlc was 3.72, and the mazimum weilght flow
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was 33.8 pounds per second for the runs with interstage instruments
installed and with leakage permltted past the rotor rear air seal.
A maximm efficiency of 0.75 was obtained at the, equivalent speed
of 15,300 rpm.- )

2. When the interstage instruments were removed, the weight
flow through the compressor was increased approximetely 2.2 percent
and the peak temperature-rise efflciency was increased (.03 at the
deslgn speed. Only & slight change 1n pressure ratlo occurred.

3. At the desigm speed the elimination of the air leakage past
the rotor rear alr sgeal decreaged the psak adlsbatic temperature-
rige efficiency C.04, decreased the weight flow 5 percant and
increased the peak pressure ratio 0.25.

4, A change in 1nlet conditions from 55° F and 14 inches of
mercury abgolute to -58° F and 6.5 inches of mercury ahsolute
increased the peak pressure ratio at design speed 0.74 and decreased
the welight flow approximately 6 percent.

5. The results of the surveys wilth the interstage ingtruments
located in each stator row and the first row of outlet guide vanes
indicated that some nonuniformity of blade loading existed and that
a considerable logs of total pregsure wasg occasioned by the outlet
gulde vanes.
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TABLE I ~ DESION DATA FOR 19XB AXIAL-FLOW COMPRESSOR BLADES

NAT IONAL ADV) SORY
COMMITTEE FOR AERONAUTICS

Blade Camber Blade Chord Stagger Leading- Trailing- Camber-
length angle thick- lsng?h H?nber td 1; adgg edg; i:giun
ness in. [ 8 by ] redius
{in.) (2eg) o et { o des & rgdty o )
| chord b T fab | Cas-] Bub | Casd Hub | Casd Hov
Trail-| Cas- b | Cas-| Hub | Las~] Hul a%= ag~ [
e iﬁgm‘ ing ing ing ing - ing tng 10 ik
L _edge
1.G.v.2 .523 3,325 | 42.0 [32.0 |10.5 |10.5 |1.Q00 5.000 55 23.00 [ 16.00{0.037{0.057 [0.005 p.005 { 1,595 | 1.814
IR 2.51 3.157 12.1 0 12.0 12,0 | .998 1,223 23 38.50 26.62 .010| .01 005 | « b I
15 3.156 3,051 |12, 0 .0 |12.0 |1, 1.048 2z 39.B5 72| .03 .0 . .00 4.323 0
2R 3.003 2.853 11.2 0 12.0 12.0 |1.020 [1.223 2 53128791 .010] 016 .0C5 | .00 g.ogo 0
2s - 2.852 | 2.786 | 12.8 |a.2 0 f12,0 | .6601 .820 3 .15 29.95) 017 .021| .008 | .00 .008 1 1.970
3R £.T30 2.616 | 12.1 |24.2 | 9.5 [12.5 | .8LO 1.01% 42 9.80 30,10 .0x7[ .027| .OC5 | .005 3.983 2.419
ﬁg 2.0l z.ggj 12,6 {24.2 [22.0 |12.0 | .660 | .B2 0 0.551 32.25| .017| .021 | .006 ( .005 | 3.008 | 1.970
Ealy 2,337 | 131 |aL.2 g.g 12.3 .223 1,01 ﬁg 41.30 | 33.401 .o17] 027 | .005 | .005 5.7Lg 2.419
I3, 2'3 { 2.30 12.6 |24.2 [12.0 |12, . .26 40.32 Iy.le] ,017| 021 ].005 | .005 | 3.00 1.310
Hi 2, 2.14 13.8 2.2 | 9.4 112.9 | .870 1.01 ol ouz.e6 | 54.911 La17) w027l .005 | . 3,622 | 2,019
2: 2.1 2,10, | 1.1 |23.5 (12,0 |12.0 |..597| .660 2 L,3.28 | 55,569 | .D16| .OL6 | .005 | 004 z.h35 1.621
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figure . - Photugraph of ngB avial-flow compressor with top half of Casing removed.
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